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SUMMARY 
Recent c a l c u l a t i o n s  have shown t h a t  s l g n l f l c a n t  open c l r c u l t  vo l tage galns 
a re  poss ib le  w l t h  a do t  g r a t l n g  j u n c t l o n  geometry. Thls paper l nves t l ga tes  t h e  
f e a s l b l l l t y  o f  apply lng the  dot geometry t o  the  GaAs c e l l .  
shown t o  r e s u l t  I n  vol tages approachlng 1.120 V and e f f l c l e n c l e s  w e l l  over 25 
cc e percent (AHO) I f  good c o l l e c t i o n  e f f l c l e n c y  can be malntained. The l a t t e r  i s  
t- N shown t o  be poss ib le  j f  one chooses the  proper base r e s l s t l v i t y  and c e l l  t h l c k -  
c e l l  w l t h  on ly  mlnor improvements i n  e x l s t l n g  technology. 
Thls geometry i s  
I Ress. The above advances I n  e f f l c l e n c y  a re  shown t o  be poss ib le  I n  t h e  P-base 
W 
INTRODUCTION 
While under I d e a l  cond l t l ons  the  GaAs s o l a r  c e l l  shnuld be ab le  t o  operate 
a t  an AH0 e f f l c l e n c y  exceedlng 21 percent, t he  best  measured e f f l c l e n c l e s  t o  
date ba re l y  exceed 19 percent.  A recent ana‘lysls t a k l n y  p r a c t l c a l  l l m l t a t l o n s  
l n t o  conslderat lon has shew t h a t  both t h e  N-base and t h e  P-base GaAs c e l l s  
I n  t h e i r  p lanar  con f lgu ra t l ons  5ave t i l e  p o t e n t l a l  t 3  operate a t  AH0 e f f l c l e n -  
c l e s  between 23 and 24 percent (ref. 1 ) .  For t h t  former the  enabl ing technol -  
ogy i s  e s s e n t l a l l y  I n  hand, w h l l e  f o r  t he  l a t t e r  The problem o f  pass l va t l ng  t h e  
e m i t t e r  ( N t )  surface remains t o  be solved. The rurpose o f  t h i s  paper l s  t o  
descr lhe a means cif lncreas lng ?-base c e l l  e f f i c l e n c y  t o  the 25.5 percent 
l e v e l  w i thou t  havlng t o  passjvate the e i i l t t f - r  surface. As we w l l l  attempt t o  
show, t h i s  can be accompllshed through the  use o f  a g r a t i n g  j u n c t l o n  geometry. 
THE G R A T I N G  CELL 
A g r a t i n g  c e l l  can be def lned as a c e l l  I n  which the  j u n c t i o n  ( e m l t t e r )  
area has been reduced t o  a f r a c t i o n  o f  the t o t a l  f r o n t  (o r  rea r )  sur face area. 
The purpose of going t o  a g r a t l n g  geometry I s  t o  secure an increase I n  vo l tage 
w h i l e  malnta ln lng ( h o p e f u l l y )  a cu r ren t  l e v e l  c h a r a c t e r l s t i c  o f  a p lanar  junc-  
t i o n  c e l l .  The two slmplest  g r a t l n g  geometries a re  t h e  s t r l p e  j u n c t l o n  and t h e  
dot  j u n c t l o n  con f lgu ra t l ons .  I n  t h e  former the e m i t t e r  i s  composed on an a r ray  
o f  p a r a l l e l  s t r l p e s  and I n  the l a t t e r  I t i s  composed o f  an a r ray  o f  equa l l y  
spaced do ts .  
Although E prevlous t h e o r e t l c a l  ana lys l s  has l n d l c a t e d  t h a t  t h e  s t r l p e  
g r a t i n g  geometry does n o t  ho ld much prom’rse f o r  increased vo l tage ( r e f .  2 ) .  
more recent c a l c u l a t i o n s  show t h a t  s l g n i f l c a n t  vo l tage gains a re  poss ib le  w l t h  
the dot geometry ( r e f .  3 ) .  I t  has been shown t h a t  t he  e f f e c t l v e  base satura-  
t l o n  cu r ren t  component o f  t he  dot  g r a t i n g  c e l l  decreases w l t h  t h l  square r o o t  
of  the j u n c t l o n  area. A t  the same t l m e ,  5pc,ause the  e m l t t e r  volume var les w l t h  
the eml t te r  area, t he  s a t u r a t l o n  cu r ren t  component f rom t h a t  reg ion  decreases 
l i n e a r l y  w i t h  j u n c t t o n  area. 
dots whose aggregate area i s  only 1 percent o f  t he  t o t a l  c e l l  area, f o r  
A c e l l  u l t h  a j u n c t l o n  composed o f  an a r ray  o f  
Instance, would have i t s  e m l t t e r  component reduced by a f a c t o r  o f  100 and i t s  
base component reduced by a f a c t o r  o f  10 as compared t o  a p lana r  c e l l  w l t h  t h e  
same t o t a l  area. 
s i g n i f i c a n t  increases i n  c e l l  vo l tage.  
The d o t  g r a t l n g  geometry thus has t h e  p o t e n t l a l  f o r  produclng 
Thls concept i s  e s p e c l a l l y  i n t r i g u i n g  I n  t h e  case o f  t h e  P-base c e l l  w l th  
i t s  unpasslvated e m l t t e r  surface. I n  t h i s  case, t h e  reduc t i on  o f  t h e  N-type 
e m i t t e r  sur face area by several  orders o f  magnitude would r e s u l t  i n  a c e l l  
almost completely bounded by pass l va tab le  P-type srrrfaces. The need t o  pas- 
s i v a t e  the  remalnlng N-type areas would be obv lated by v l r t u e  o f  t h e  r e l a -  
t l v e l y  small  c o n t r i b u t l o n  these areas would make t o  c e l l  performance. 
t h e  P-base c e l l  t h e  d o t  g r a t i n g  geometry i s  n o t  o n l y  capable o f  producing a 
l a r g e  decrease 4 J o ,  bu t  I t  a l s o  would e l i m i n a t e  e s s e n t l a l l y  a l l  o f  t h e  
hard-to-passlvatc #-type surfaces. The l a t t e r  Improvement should enable t h e  
achlevement o f  JSc l e v e l s  comparable t o  those t h a t  would be obtained i f  t h e  
e m i t t e r  sur face were l n  f a c t  passivated. 
t he  e f f i c i e n c y  expected from a P-base dot  g r a t i n g  GaAs c e l l .  
Thus I n  
Uslng these concepts l e t  US c a l c u l a t e  
CELL MODELING 
As t h e  bas ls  o f  our P-base c e l l  c a l c u l a t i o n s  we w l l l  use t h e  h i g h  e f f l -  
c iency homojunctlon c e l l  developed a t  t h e  HIT L i n c o l n  Laboratory ( r e f .  4) .  
This c e l l  has an unpasslvated e m l t t e r  surface and an AlGaAs heteroface back 
surface f i e l d  l a y e r .  Using reas,iiable values f o r  t h e  var lous c e l l  paraneters 
( t a b l e  I )  along w l t h  a good value o f  t he  f i l l  f ac to r ,  one ca l cu la tes  an AM0 
e f f i c l e n c y  f o r  t h i s  c e l l  o f  about 18 percent.. The c a l c u l a t e d  performance par-  
ameters a re  g lven i n  t a b l e  I 1  along w i t h  the  r e s u l t s  o f  experimental measure- 
ments made on one such c e l l  a t  t h l s  laboratory .  I n  t h e  t a b l e  d, D, L, and 
N a re  t h e  reg loa thickness, d l f f u s l v i t y ,  d l f f u s l o n  length,  and doplng concen- 
t r a t i o n ,  r e s p e c t i v e l y ,  S i s  t h e  su r face / i n te r face  recombination v e l o c l t y ,  and 
n i  i s  the l n t r i n s l c  c a r r i e r  concentrat ion.  As  seen I n  t h e  tab le ,  an op t+ -  
mlzed recombination v e l o c i t y  a t  t h e  r e a r  GaAs-AlGaAs I n t e r f a c e  was assumed t o  
se t  an upper l i m l t  t o  t h e  e f f l c l e n c y .  Thls value, hosever, I s  n o t  i n c o n s l s t e n t  
w l t h  t h a t  found by photoluminescence decay technlques ( r e f .  5 ) .  
Also l i s t e d  i n  t a b l e  I 1  a re  t h e  performance parameters expected ( r e f .  1 )  
i f  t he  e m l t t e r  surface were passlvated and t h e  r e f l e c t l v l t y  were reduced 
through the  use o f  a dual l a y e r  a n t i r e f l e c t i o n  coat lng.  As  can be seen, a 
sho r t  c i r c u i t  dens i t y  o f  about 35 mA/cm* would r e s u l t .  
L e t  us now c a l c u l a t e  the e f f i c i e n c y  o f  a 1 percent j u n c t i o n  coverage, 
P-base dot g r a t l n g  c e l l  using the H I T  c e ? l  parameters ( t a b l e  I) w i t h  the  
assumptlon t h a t  a pass l va t i ng  AlGaAs laye r  on a l l  P surfaces enables achleve- 
ment o f  t he  opt lmized p lanar  c e l l  JSc l e v e l  ( 3 5  mA/cm2). I n  these c a l -  
cu la t i ons  the  e m l t t e r  and base components o f  t he  dark s a t u r a t i o n  cu r ren t  were 
reduced from t h e l r  p lanar  c e l l  values by f a c t o r s  o f  100 and 10, respec t l ve l y .  
The r e s u l t s ,  according t o  t a b l e  11, i n d l c a t e  t h d t  e f f i c i e n c i e s  I n  t h e  24.5 
percent range would he achlevable.  
GRATING CELL Jsc 
Unfor tunate ly ,  ma ln ta ln lng  h igh  c c i r e n t  l e v e l s  i n  a g r a t l n g  c e l l  r equ i res  
more than j u s t  pass l va t l ng  the  c e l l  surfaces. I t  has been shown t h a t  t o  
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maln ta in  f u l l  c u r r e n t  c a p a b i l i t y  i n  a s t r l p e  g r a t i n g  c e l l ,  t h e  base d l f f u s l o n  
l eng th  must be much l a r g e r  than t h e  d i s tance  between j u n c t l o n  areas I n  t h e  
g r a t i n g  s t r u c t u r e  ( r e f .  2) .  
Since we do n o t  have a s l m l l a r  ana lys l s  f o r  t h e  do t  g r a t l n g  geometry, we 
must r e l y  on measured r e s u l t s .  An ana lys i s  ( r e f .  6) o f  t he  d o t  g r a t i n g  c e l l  
f a b r l c a t e d  by Swanson e t  a l .  ( r e f .  7 ) ,  i n d l c a t e s  t h a t  t h l s  device, w l t h  a d i f -  
fuslon-length/grating-separation r a t l o  o f  about 18, has an i n t e r n a l  quantum 
e f f l c l e n c y  c lose t o  100 percent.  I t  appears, t he re fo re ,  t h a t  we can use t h a t  
r a t l o  as a lower l i m i t  f o r  ma ln ta in ing  h l g h  c u r r e n t  l e v e l s  i n  t h e  d o t  g r a t i n g  
c e l l .  
I f  we assume t h a t  pho to l i t hcg raph ic  l i m i t a t i o n s  p u t  a lower l l m l t  o f  1 pm 
on the  dlameter o f  t h e  e m l t t e r  dots,  then t h e  smal lest  g r a t l n g  spaclng poss lb le  
f o r  a c e l l  w l t h  a 1 percent j u n c t l o n  coverage would be 10 pm. Thls, u n f o r t u -  
na te l y ,  I s  about the  same magnitude as t h e  d l f f u s l o n  lengths measured i n  most 
GaAs s o l a r  c e l l s .  I n  order  t o  make use of t h e  p o t e n t i a l  o f  t h e  g r a t i n g  geom- 
e t r y  a means would have t o  be found t o  r a i s e  L by a t  l e a s t  an order o f  mag- 
n l tude .  
One way t o  o b t a i n  l ong  d l f f u s i m  lengths would be t o  9.. t o  a h lgher  
r e s l s t l v i t y  base m a t e r l a l  i n  whlch L values approachlnq 500 pm have been 
measured ( r e f s .  8 t o  10). Flgure 1 s u m r t z e s  measured h o l e  and e l e c t r o n  d i f -  
f u s i o n  le,tgth data as a funct lor :  o f  doplng concentrat lon.  The problem w l t h  
going t o  lower doping l e v e l s  t o  achieve increased cu r ren t ,  however, Is t h a t  one 
would expect ( a  p r l o r l )  t h e  base s a t u r a t i o n  c u r r e n t  t o  r l s e  prec!pl tously,  
r e s u l t i n g  I n  a ser ious d e c l i n e  i n  V o c .  
Yet, when one a c t u a l l y  ca l cu la tes  t h e  v a r l a t i o n  o f  e f f l c l e n c y  w l t b  base 
doplng l e v e l  f o r  t he  p lanar  H I T  c e l l  i t  I s  found ( f i g .  2 )  t h a t  c e l l  e f f l c i e n c y  
4 s  s u r p r l s l n g l y  independent o f  base r e s l s t l v l t y .  I n  t h l s  p l o t  Jsc and FF 
were assumed t o  be 29 mA/cmZ and 0.86, respec t l ve l y ,  w h l l e  d l f f u s l o n  l eng th  
data were taken from fqgure 1.  
sh ip  f o r  several values o f  t he  rear  GaAs-AlGaAs i n t e r f a c e  recomblnatlon veloc- 
i t y  t h a t  bracket Nelson's measured 300 cm/sec (0.004 D/L)  value ( r e f .  5 ) .  
We have p l o t t e d  the  e f f i c i ency -dop ing  r e l a t i o n -  
The s i g n l f i c a n c e  o f  f i g u r e  2 1 s  t h a t  I s  shows t h a t  i t  should be poss lb le  
t o  f a b r l c a t e  h lgh e f f l c l e n c y  GaAs s o l a r  c e l l s  w l t h  l ong  ( > Z O O  pm) d l f f u s l o n  
lengths.  The f a c t  t h a t  such a c e l l  i s  poss lb le  I n d i c a t e s  t h a t  we should be 
able t o  f a b r i c a t e  a h lgh  cu r ren t ,  and thuc a h i g h  e f f l c l e n c y ,  dot  g r a t i n g  GaAs 
c e l l .  
G R A T I N G  CELL CONTACIS 
A f e w  words should be sa ld a t  t h l s  p o l n t  concernlng e l e c t r l c a l  contacts  
t o  the  dot  q r a t l n g  c e l l .  Because o f  t he  l a r g e  number o f  e m i t t e r  dots t h a t  
would be required, and because o f  t h e  c lose  spacing between them, t h e  meta l -  
l l z a t l o n  makfng contact  t o  the  e m i t t e r  areas on t h e  f r o n t  sur face o f  t he  c e l l  
would probably shrdow a s l g n i f i c a n t  p o r t l o n  o f  t he  c e l l  f r o n t  face. I t  thus 
appears t h a t  we would be forced t o  r e s o r t  t o  an l n t e r d l g i t a t e d  back contact  
scheme such as  t h a t  used by Swanson e t  a l .  ( r e f .  7 ) .  Thus type o f  contact ing,  
w h i l e  belng t e c h n l c a l l y  more d l f f l c u 7 t  t o  achleve, does have t h e  advantage o f  
completely e l l m i n a t l n g  a l l  shadowing e f f e c t s .  
o f  expected from a back contacted do t  g r a t i n g  c e l l ,  we f i n d  t h a t  
Thus when we c a l c u l a t e  t h e  value 
Jsc 
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cu r ren t  l e v e l s  over 36 mA/cm2 a re  poss ib le  s ince t h e  on ly  losses a re  due t o  
r e f l e c t l v l t y  and window absorpt ion.  
R E S U L T S  
Flgure 3 shows the ca l cu la ted  e f f t c l e n c y  of a 1 percent j u n c t i o n  coverage, 
When t h e  AlGaAs-GaAs 
A penal ty  o f  about 1 percentage p o l n t  i s  p a i d  l f  the I R V  i s  
back contacted dot  g r a t l n g  c e l l  as a f u n c t l o n  o f  base doplng f rom N = 1x105 
~ m - ~  ( L  = 200 pm) t o  N = lx1014 ~ m - ~  ( L  = 500 pm). 
i R V  = 0 ,  an e f f l c l e n c y  o f  25.3 percent I s  seen f o r  a doplng concentrat lon o f  
lx1015 cn-3. 
as h igh  as 800 cm/sec (0.01 D/L). 
The above c a l c u l a t l o n s  were performed f o r  a c e l l  w t t h  a base Gidth, w, o f  
2 vm. Since a change I n  w I s  expected t o  a f f e c t  c e l l  c u r r e n t  and vo l tage  i n  
opposi te d l r e c t l o n s ,  we should, by vary ing w, be a b l e  t o  observe an e f f i c i e n c y  
maxlmum a t  some optlmum value o f  t h e  base wldth.  F l  u r e  4 shows t h e  v a r i a t l o n  
o f  e f f l c i e n c y  w i t h  w f o r  the case where N = l x l 0 l g  ~ m - ~ .  The e f f l c l e n c y  
i s  seen t o  be r a t h e r  Independent o f  base w ld th  f o r  values above about 2 prn. 
When the  1 R V  = 0, t h e  e f f l c i e n c y  peaks a t  about 25.5 percent a t  a base w l d t h  
of about 7 pm. For t h e  h lgher  value o f  the I R V  a maxlmum o f  j u s t  over 25 pet -  
cent occurs a t  a w ld th  o f  about 25 pm. Not o n l y  I s  t he  e f f i c i e n c y  independent 
o f  the base width,  i t  a l s o  becomes I n s e n s i t i v e  t o  t h e  AlGaAs-GaAs I R V  as t h e  
wldth I s  increased. As can be seen, h i g h  e f f l c i e n c y  I s  maintained t o  t h l c k -  
nesses o f  100 pm ( r e f .  11) .  Thls f a c t  should f a c l l i t a t e  t h e  c o n s t r u c t l o n  o f  
t h i s  devlce s lnce i t  would permi t  t h e  use o f  t h l c k  c e l l  f a b r l c a t l o n  techniques 
such as those employed by Swanson e t  a l .  ( r e f .  7 )  t o  be used. 
S im i la r  c a l c u l a t l o n s  performed f o r  the N-base GaAs c e l l  I n d i c a t e  t h a t  
e f f l c i e n c l e s  comparable t o  those p red lc ted  f o r  t he  P-base c e l l  a re  achlevable 
i f  the N surfaces can be s u f f l c l e n t l y  pasLivated. 
SUMMARY 
l h e  r e s u l t s  o f  the precedlng ana lys i s  cap  be simnarlzed as  f o l l ows :  
1. I n  the  do t  g r a t i n g  con f lgu ra t i on ,  P-base c e l l  e f f l c l e n c i e s  o f  25.5 
perLent, AMO, a re  poss ib le  w i t h  mlnor advances I n  e x i s t l n g  technology. 
2. Contrary t o  what may a t  f t r s t  be expected, the open c l r c u l t  vo l tage o f  
the P-base GaAs c e l l  I s  e s s e n t l a l l y  independent o f  base r e s i s t l v l t y .  
3 .  P-bare dot  g r a t l n g  c e l l  e f f i c i e n c y  has been found t o  be e f f e c t i v e l y  
lndependent o f  c e l l  th ickness f o r  base wldths above about 2 pm, and l n s e n s l t l v e  
t o  the rear  GaAs-AlGaAs i n t e r f a c e  recombinatlon v e l o c i t y  f o r  wldths g rea te r  
than 10 pm. 
4 .  S i m i l a r  r e s u l t s  a re  p red lc ted  f o r  the N--base c e l l  l f  t h e  N surfaces 
can be s u f f ' i c l e n t l y  passivated. 
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TABLE I .  - P-BASE CELL 
PARAMETERS: 
U I T  CELL 
Jsc 
( mA/cm2) 
Parameter 
voc FF E f f i c i e n c y  
( V )  (percent )  (percent )  
L (vmi 
0 (cm /sec) 
d ivm) 
N (cm-3) 
S (cm/sec) 
n j  (cm-3) 
Experlmental data  
Optlmlzed flll factor  
SRV optimized, OLAR 
1 percent dot  g r a t l n g  
TABLE 11. - CALCULATED AH0 PERFORHANCE PARAMETERS: H I T  CELL 
1 
28.7 1.036 79.0 17.3 
28.30 1.034 86.0 18.4 
34.94 1.061 86.0 23.3 
(35.00) 1 .118 86.0 24.5 
c 
I 1 I 
Fiqure 1. - Electron and hole diffusion lengths as a function 
of doping concentration. 
I 
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Figure 2. - Variation of P-base GaAs cell AM0 efficiency 
with base doping level. 
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Figure 4. - Variation of P-base dot grating cell efficiency with 
base width. 
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